The visual auscultation method achieved a high degree of accuracy, and human observers can be replaced by the system in the validation study of blood pressure measuring devices.
With the increasing availability of automated and semiautomated devices for measurement of blood pressure (BP), more such devices need to be validated according to the one of the three most widely used protocols, namely the British Hypertension Society protocol, the Association for the Advancement of Medical Instrumentation protocol, and the European Society of Hypertension International Protocol (IP). [1] [2] [3] [4] The auscultatory method is used as the reference standard in any of these protocols, and validation is essentially based on a comparison between the device measurements and observer measurements obtained by the auscultatory method. Therefore, the objectivity and accuracy of observer measurements are crucial to achieving a reliable validation result. Nowadays, the observer measurements are mainly obtained, either by the live once-off auscultatory method that requires the observer to take her measurements in real time during an auscultatory measurement cycle, or by first employing the sphygmocorder 5, 6 to record the sphygmomanometer video together with the Korotkoff sounds to a video cassette recorder and then reviewing the recordings repeatedly. In both methods, the observer must read her measurements from a dropping-down mercury column or aneroid meter that has been varying throughout a deflation cycle, when listening for the Korotkoff sounds. Therefore, some subjective factors, such as the observer's auditory acuity and reaction speed, may introduce some unwanted errors to the measurements.
To provide the observer with more valuable objective information about each auscultatory measurement cycle during a validation study, a computerized data acquisition and analysis system, which combines electronic and computer technology with the conventional auscultatory method, has been developed. It cannot only acquire and store the Korotkoff sound, cuff pressure, and oscillometric pulse signals, as well as the sphygmomanometer image, but also can display on the monitor the waveforms of those three signals, in addition to the sphygmomanometer video, while playing the synchronous Korotkoff sounds. Thus, playing back the recordings with this system after a validation study provides the observer with much objective evidence of the auscultatory measurement, with which one is able to determine BP by watching those stationary waveforms, instead of the dynamic decreasing mercury column, while 
Background
The auscultatory method is used as the reference standard in all prevalent protocols for validation of noninvasive blood pressure measuring devices, and a validation study is essentially based on the comparison between the device and observer measurements. Thus, the objectivity and accuracy of observer measurements are crucial to the validation result.
Methods
To provide observers with more objective information about an auscultatory measurement so that sufficient information to make measurements with greater potential objectivity and accuracy can be available, a computerized data acquisition and analysis system has been developed. It cannot only acquire and store Korotkoff sound, cuff pressure, and oscillometric pulse signals, as well as the sphygmomanometer image, but it also can display the waveforms of the three signals and the sphygmomanometer video while playing the synchronous Korotkoff sounds. With this system, observers can make their measurements via the visual auscultation method, that is to say, by watching those waveforms, instead of the sphygmomanometer, while listening for synchronized Korotkoff sounds. The system was validated according to the International Protocol (IP).
results
The result showed that all the differences between system measurements by the visual auscultation method and observer measurements by the conventional auscultatory method were within 4 mm Hg.
articles Visual Auscultation Method to Measure Auscultatory BP listening for the synchronized Korotkoff sounds. The aim of the study was to test the accuracy and validity of this system.
Methods
Components of the system. As Figure 1 shows, this system comprises a traditional validation subsystem, a signal acquisition subsystem, an automatic inflating and deflating appliance, a camera (Hyundai model C506, Seoul, Korea), a headphone (Philips model SHP2500, Amsterdam, Netherlands, with a frequency range of 15-22,000 Hz, and a sensitivity of 106 dB) and a personal computer (HP model DC5100, Palo Alto, CA) with self-programmed validation software.
The traditional validation subsystem includes a cuff, a mercury sphygmomanometer (Yuyue, Danyang, China), a hand bulb, a stethoscope head (3M model Littman 2144L, Saint Paul, MN), and two headsets. At point A (Figure 1) , the cuff bladder, the sphygmomanometer, the hand bulb, the inflating pump, the deflating valve, and the pressure transducer are all connected together via multiway tube connectors. Similarly, at point B, the stethoscope head, the two headsets, and the microphone are connected together.
The signal acquisition subsystem is designed to acquire and transmit the Korotkoff sound, cuff pressure, and oscillometric pulse signals. It consists of a microphone (specially made by Tengguangyinshi, Beijing, China, with a frequency range of 15-18,000 Hz, a sensitivity of −40 dB), a pressure transducer (Fujikura model FPM-07PG, Tokyo, Japan), a high-pass filter, some amplifiers and low-pass filters, an analog-to-digital converter circuit (A-D converter, 16-bit resolution, with a sampling frequency of 1 kHz), and a microcontroller. The Korotkoff sounds are sensed by the microphone, and the cuff pressure is detected by the pressure transducer. Moreover, the oscillometric pulses that represent the fluctuations of the cuff pressure are obtained at the output of the high-pass filter. Then, the three foregoing signals are connected, via the amplifiers, low-pass filters, and A-D converter, to the microcontroller. Particularly, the frequency band of the Korotkoff sound signal is set between 15 and 400 Hz to mimic the human ear perception of Korotkoff sounds, as the range of human hearing is from 15 to 18,000 Hz and most of the Korotkoff sound energy is concentrated below 400 Hz. [7] [8] [9] [10] Finally, the microcontroller receives the three acquired signals and transmits them to the computer.
The automatic inflating and deflating appliance is designed to automate the cuff inflation and deflation.
The camera serves for capturing the sphygmomanometer image to the computer. The computer with the validation software is able to store, process, display, and replay the data acquired from the microcontroller and camera. Signals are labeled with time stamps as they are acquired to keep their synchronization. While one auscultatory measurement cycle is performed, the Korotkoff sound, cuff pressure, and oscillometric pulse signals, as well as the sphygmomanometer image will be synchronously stored in the computer hard disk. As a result, an auscultatory measurement cycle can be completely recorded, and then reviewed repeatedly by the observer for determination of BP.
Making the observer measurements with this system. When an auscultatory measurement cycle is played back on the computer, the Korotkoff sounds will be played through the headphone, and meanwhile the following information will be synchronously displayed on the monitor (Figure 2 ):
• the amplitude vs. time waveforms of the Korotkoff sound, cuff pressure, and oscillometric pulse signals; • a simulated mercury column decreasing according to the cuff pressure signal; • the sphygmomanometer video captured by the camera that is used only as an auxiliary evidence; • a time progress indicator moving from left to right for indicating the time (s); • a crosscursor controlled by the computer mouse for marking BP; • a digital cuff pressure readout.
The x-axis represents the time (s) and the y-axis represents the pressure (mm Hg). The three waveforms share the same x-axis, whereas the y-axis (the scale of the simulated mercury column) is only for the cuff pressure waveform. The amplitudes of the oscillometric pulse and Korotkoff sound signals were separately amplified appropriate times so that they could be shown in the same screen. For reproduction of the auscultation process, as the time progress indicator moves from left to right, the simulated mercury column and mercury column of the sphygmomanometer video will correspondingly decrease. The digital cuff pressure readout, as well as simulated mercury column and the sphygmomanometer video, shows the cuff pressure at the time that the time progress indicator indicates. With the above information, the observer measurements can be made by the conventional auscultatory method or especially by the visual auscultation method.
The conventional auscultatory method. The conventional auscultation can be performed by looking at the simulated mercury column or sphygmomanometer video, while listening for the synchronous Korotkoff sounds.
The visual auscultation method. The visual auscultation method is to determine BP by watching those waveforms and the time progress indicator, instead of the sphygmomanometer, while listening for the synchronous Korotkoff sounds. Generally, when the cuff pressure is between systolic BP (SBP) and diastolic BP (DBP), Korotkoff sounds will be generated regularly, resulting in the appearance of periodic impulses on the Korotkoff sound waveform, each of which corresponds with one audible Korotkoff sound. Hence, all audible Korotkoff sounds generated throughout a whole auscultatory measurement cycle can be "seen" clearly on the Korotkoff sound waveform, realizing visualization of the Korotkoff sounds. Finding the cuff pressure when the first and last impulse appeared by moving the crosscursor along the cuff pressure waveform, SBP and DBP can be determined by only vision. Figure 2 shows the determination of SBP. In addition, the oscillometric pulse waveform, which is often utilized in the oscillometric method, is primarily employed as time reference here to show when one oscillometric pulse occurs, as it has been found that a certain relationship exists between the onset of an oscillometric pulse and the succeeding onset of the associated Korotkoff sound. 11 Furthermore, because the Korotkoff sounds are synchronously played through the headphone, the observer can also use her hearing to identify Korotkoff sounds in the same way as in the conventional auscultatory method. Ultimately, the observer can use a combination of both vision and hearing to carry out her measurements.
Validation of the system. To assess the accuracy of the visual auscultation method, the system was first considered as a common BP measuring device capable of performing the visual auscultation method, and was validated against two trained observers according to the IP. 2 Forty-two participants, including both normotensive and hypertensive subjects, were recruited, and 33 of them whose SBP and DBP were both within the BP ranges required by the IP were finally included in the study. Individuals whose entry BP was outside the BP ranges set by the IP and those with arterial fibrillation or cardiac arrhythmias were excluded, whereas subjects who were taking antihypertensive medication were included. Institutional Review Board approval was obtained for this study and each subject gave informed written consent. Anthropomorphic and demographic data were recorded at the entry to this study, and they are shown in Table 1 .
All other aspects of the IP had been strictly followed, except for the sequential measurements and the use of two separate sphygmomanometers for each observer. Although only a single sphygmomanometer was used for both observers in this study, both observers were blind to each other's measurements, as a small partition was placed between them. Because all auscultatory measurement cycles throughout the validation study could be recorded without affecting the accuracy of the live auscultation, simultaneous same-arm measurements were conducted during this validation study. Accordingly, only four sequential same-arm measurements (which are denoted as BPA, BP1, BP2, and BP3 in sequence) were made on each subject, if no between-observer measurement exceeded 4 mm Hg.
While two trained observers (OB; OB1 and OB2) operated the traditional validation subsystem to perform the conventional auscultation under an expert's supervision and made their measurements (OB1's BPA, BP1, BP2, and BP3; OB2's BPA, BP1, BP2, and BP3.) in real time, another person operated the computer to record all the measurement. Subsequently, another observer (OB3) played back the recordings on the computer, and made her measurements (OB3's BPA, BP1, BP2, and BP3) by the visual auscultation method. After the validation study had been completed, four measurements were obtained from each of the three observers, on each of the 33 subjects, for SBP and DBP separately.
These measurements were analyzed based on the following statistical method:
1. The average of OB1's BPA and OB2's BPA was denoted as the entry BP, and was used to categorize the subjects into different BP ranges. 2. The mean of OB1's BP1 and OB2's BP1, OB1's BP2 and OB2's BP2, and OB1's BP3 and OB2's BP3 were calculated, and denoted as observer measurements (OB's BP1, BP2, and BP3). 3. The OB3's measurements (OB3's BP1, BP2, and BP3) were directly denoted as system measurements (SYS's BP1, BP2, and BP3. "SYS" is the abbreviation for "system"). 4. The differences between the observer measurements and corresponding system measurements were computed (SYS's BP1-OB's BP1, SYS's BP2-OB's BP2, SYS's BP3-OB's BP3), to compare the observer measurements taken by the conventional auscultatory method with simultaneous system measurements obtained by the visual auscultation method. 5. The absolute values of these differences were derived.
Finally, a total of 99 absolute differences were obtained on all the 33 subjects, for SBP and DBP respectively.
results
All absolute differences were within 4 mm Hg for both SBP and DBP. Going by percentage, 100% of these absolute differences were within 4 mm Hg for both SBP and DBP. A more elaborate distribution of these absolute differences is shown in Table 2 , which illustrates the number of these absolute differences falling within 0, 2, and 4 mm Hg. The difference-against-mean plots for SBP and DBP are illustrated in Figure 3 , in which the x-axis represents the mean of the system and observer measurements and the y-axis represents the difference between the system and observer measurements. The mean of these differences for SBP was −0.7 mm Hg with a standard deviation (s.d.) of 1.5 mm Hg, and for DBP was 0.8 mm Hg with an s.d. of 1.8 mm Hg.
As shown in Figure 4 , the system measurements (y) are plotted against the simultaneous observer measurements (x) and a regression analysis was performed to compare the simultaneous system and observer measurements. For SBP, the linear regression equation was y = 0.99x + 0.4 mm Hg, with a standard error of estimate (SEE) of 1.5 mm Hg, and a correlation coefficient of 0.99. For DBP, the linear regression equation was y = 0.99x + 1.7 mm Hg, with an SEE of 1.8 mm Hg and a correlation coefficient of 0.99.
All these results showed an excellent agreement between the system and observer measurements. Therefore, the visual auscultation method achieved a high degree of accuracy, and the system can be employed as a substitute for human observers in the validation study of BP measuring devices. The close agreement between the system and observer measurements might be attributed to the following reasons: First, simultaneous comparisons, rather than sequential comparisons were employed in this study. Wherein the former were derived from the identical measurement cycle during which the OB1, OB2, and OB3 made their measurements though little difference may exist between live auscultation and replay of its recordings, and the latter will increase observer-device difference due to temporal variation in BP. In addition, the measurements were made by OB3 manually, not automatically. Because OB3 determined the BP by watching the waveforms while listening for the simultaneous Korotkoff sounds, these audible sounds played, by which OB1 and OB2 made their measurements, could also be used by OB3 to make her measurements.
determination of the first diastolic BP
Using the visual auscultation method, the DBP is determined by silence at the beginning of phase 5. However, some individuals will not exhibit a silence after phase 4. Instead, they will continue to produce sounds to nearly zero pressure. Such individuals are usually excluded from a validation study of BP measuring devices. For these individuals, cuff pressure taken at the beginning of phase 4 is often required and referred to as the first DBP. Nevertheless, the beginning of phase 4 is not obvious on the Korotkoff sound waveform. In this instance, the observer can use the Korotkoff sounds played to identify this beginning. Furthermore, frequency spectrum of each Korotkoff sound can be calculated and these spectrums may also help the observer to identify this beginning, because Korotkoff sounds of different phases have different frequency distribution characteristics. 9, 10 Validation of BP measuring devices using this system As mentioned above, the traditional validation subsystem includes all the necessary components for a traditional validation of BP measuring devices, and measurement can be recorded for later review. Therefore, a validation study will be completed easily by using the system, as long as a person manipulates the computer to record each auscultatory measurement, while two observers operate the traditional validation subsystem to perform the traditional auscultatory measurement, and a supervisor operates the test device to obtain the device measurements. Furthermore, the validation procedure can be simplified. The observer measurements are not required to be made in real time during auscultatory measurement, and the cuff inflation and deflation can be performed either manually or automatically. Hence, only one observer is enough to perform each auscultatory measurement, and even without any observer, the person operating the computer can accomplish each inflation-deflation cycle by employing the automatic inflating and deflating appliance, consequently facilitating the implement of the validation study.
After the validation study has been completed, all auscultatory measurement cycles during the validation study will be recorded in the computer, and the device measurements will also be noted down. Thereafter, by playing back the recordings on the computer, the observer can review each measurement cycle repeatedly and make her measurements. If disagreement appears between the BP determined by the waveform and Korotkoff sounds, the BP should be determined by the Korotkoff sounds. Finally, these observer and device measurements will be analyzed using the statistical method described in the validation protocol to give the validation result.
advantage of this system "In previous validation studies various strategies have been employed to overcome observer error", and an important one is the employment of the sphygmocorder. 5, 6 Compared with the sphygmocorder providing only the sphygmomanometer video and Korotkoff sounds, this system provides the observer with more objective evidence of an auscultatory measurement cycle including the three waveforms, sphygmomanometer video, and Korotkoff sounds, so the observer measurements might be made with the greater possible certainty.
For the traditional auscultatory method, the observer can rely only on her hearing to identify the Korotkoff sounds, and should read the pressure from the mercury column that has been decreasing dynamically. For the visual auscultation method, both vision and audition can be utilized to identify the Korotkoff sounds, and BP can be determined by the stationary waveforms, therefore leading to easier determination of BP. Additionally, with those stationary waveforms, the terminal digit preference may be eliminated, and the auscultatory gap, if it occurred, can be discerned. In practice, when distinguishing the Korotkoff sounds from the background noise, more criteria for identifying the genuine Korotkoff sounds can be used, such as the phase relationship between the Korotkoff sounds and oscillometric pulses.
Furthermore, due to the computer's powerful signalprocessing ability, waveform and frequency analysis can be further performed on those data recorded with various modern signal-processing technologies. Parameters reflecting the essential characteristics of the Korotkoff sounds can be calculated, and the determination of BP may be quantitated on the basis of these parameters. Eventually, with the aid of the graphical presentation and quantitative analysis of the sounds and pressure signals, as well as the Korotkoff sounds played, the observer measurements will be made with greater potential objectivity and accuracy.
